When excision-deficient Escherichia coli carrying umuC or umuD alleles were exposed to visible light several hours after ultraviolet irradiation, base-pair-substitution mutations were induced in these normally non-UV-mutable bacteria. It is argued that delayed photoreversal of pyrimidine dimers removes blocks to DNA replication and allows the "survival" and expression of misincorporated bases. A model for UV mutagenesis is proposed with two steps: (i) misincorporation opposite a photoproduct, which can be mediated directly by RecA protein, and (ii) bypass, only the latter process requiring umuD+ and umuC+ alleles. Basal levels of gene products are sufficient for at least some misincorporation events, although induced levels of umuD and umuC gene products are necessary for the bypass step. umuC bacteria containing the recA441 allele showed a greater yield of mutants, and those containing recA430 a reduced yield, following delayed photoreversal. The lexA51 allele (which results in constitutive derepression of RecA protein production) did not significantly alter the yield of mutants but caused them to appear marginally sooner in a recA441 umuC strain. These results emphasize that the nature of the RecA protein and not its concentration is paramount in determining the level of misincorporation. Experiments with recA441 umuC bacteria at 43°C and 30°C suggest that the misincorporation effect is unlikely to be attributable to cleavage of a DNA binding protein such as a repressor or a component of the polymerase complex. Moreover, misincorporation seems to occur without the need for induced synthesis of any other protein under recA control. Evidence consistent with these ideas has recently been published by Fersht and Knill-Jones (5), who showed that deoxynucleoside monophosphates, particularly dGMP, inhibited the proofreading activity of DNA polymerase III holoenzyme with a concomitant decrease in fidelity of DNA replication. In addition, RecA protein inhibited the proofreading activity of DNA polymerase III on synthetic templates containing mismatched 3' termini, and the inhibition was increased in the presence of dGMP or dAMP; it also decreased the fidelity of DNA replication in vitro. Even the presence of both purine deoxynucleoside monophosphates and RecA protein did not, however, enable DNA polymerase III to copy past pyrimidine dimers.
ucts are necessary for the bypass step. umuC bacteria containing the recA441 allele showed a greater yield of mutants, and those containing recA430 a reduced yield, following delayed photoreversal. The lexA51 allele (which results in constitutive derepression of RecA protein production) did not significantly alter the yield of mutants but caused them to appear marginally sooner in a recA441 umuC strain. These results emphasize that the nature of the RecA protein and not its concentration is paramount in determining the level of misincorporation. Experiments with recA441 umuC bacteria at 43°C and 30°C suggest that the misincorporation effect is unlikely to be attributable to cleavage of a DNA binding protein such as a repressor or a component of the polymerase complex. Moreover, misincorporation seems to occur without the need for induced synthesis of any other protein under recA control.
A number of DNA repair genes are involved in the induction of base-pair-substitution mutations in Escherichia coli by ultraviolet light and most chemical mutagens. The recA gene occupies a crucial role, as it is activated following DNA damage to a form that is able to mediate the cleavage of the lexA gene product, a repressor of a number of genes including umuC and -D, both of which are required for UV mutagenesis (for review, see ref. 1 ). It has previously been proposed (2) that the RecA protein may, in addition to cleaving the LexA repressor, play a more direct role, in particular by stabilizing the photoproduct-primer terminus configuration so as to allow DNA polymerase to continually insert and then remove nucleotides without chain elongation. The elevated deoxynucleoside monophosphate levels resulting from this would then inhibit the 3' to 5' exonuclease proofreading function of the polymerase so that a mismatched base that became inserted would be less likely to be removed (see ref.
3).
That activated RecA protein has a vital direct role in UV mutagenesis in addition to its function in derepressing umuC and umuD was established by Blanco et al. (4) , who showed that in a number of strains, the level of activated RecA protein correlated with the level of mutagenesis even in the absence of functional LexA repressor. This excluded the possibility that derepression of LexA-repressible genes was responsible.
Evidence consistent with these ideas has recently been published by Fersht and Knill-Jones (5), who showed that deoxynucleoside monophosphates, particularly dGMP, inhibited the proofreading activity of DNA polymerase III holoenzyme with a concomitant decrease in fidelity of DNA replication. In addition, RecA protein inhibited the proofreading activity of DNA polymerase III on synthetic templates containing mismatched 3' termini, and the inhibition was increased in the presence of dGMP or dAMP; it also decreased the fidelity of DNA replication in vitro. Even the presence of both purine deoxynucleoside monophosphates and RecA protein did not, however, enable DNA polymerase III to copy past pyrimidine dimers.
We have dissected the process of UV mutagenesis into two steps (6) . The first is a misincorporation event, presumably opposite a photoproduct such as a pyrimidine dimer, and the second requires the UmuC protein and allows DNA synthesis to continue beyond the misincorporation (bypass). When the pyrimidine dimer is removed by photoreversal some time after UV irradiation of a umuC strain, the bypass step is made redundant and mutations arising from misincorporations are able to "survive."
In the present work, in which we use strains lacking excision repair, we show that umuD is also involved in the second step of dimer bypass and that induced levels of umuC and umuD gene products are necessary to mediate this. We show that the misincorporation step can be mediated directly by RecA protein and that uninduced levels are sufficient to enable a detectable proportion of misincorporations to take place.
MATERIALS AND METHODS
Bacterial Strains. The strains used are shown in Table 1. CM1140 was made by transducing umuCJ22::Tn5 from GW2100 (kindly provided by Graham Walker) into WP2 uvrA (originally obtained from Ruth Hill); CM1142 was made by a similar transduction into WP44S NF (equivalent to WP2 uvrA recA441 sfiA, originally obtained from Evelyn Witkin).
CM1143 was constructed from CM1142 by transducing lexA3 lexASI from DM1187 (given by S. G. Sedgwick), using selection for malB+ and screening for increased resistance to UV and to 8-methoxypsoralen crosslinks. CM1144 was derived from CM1143 by transducing recA430 linked to a TnWO insertion in srlC from IC1139; transductants selected for tetracycline resistance were screened for UV sensitivity. The genotype of CM1144 was confirmed by transducing recA430 from CM1144 into WP2 uvrA and screening tetracycline-resistant transductants for immutability to UV. CM1146 was
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In lexA(Ind-) bacteria, although these genes cannot be dere-K2 ara14 xy15 m1 tsx33 pressed, basal levels of the products should be present. The misincorporation step could still be demonstrated in WP2-derived lexA102(Ind-) bacteria by using the delayed photoreversal approach on plates lacking Casamino acids (Fig. 2) present at elevated levels within 30 min or so of incubating at 430C, particularly when adenine is present. In these experiments we used plates supplemented with Casamino acids and found that the misincorporation step occurred much earlier than on minimal plates (Fig. 3) . The mutant yield with the recA441 umuC strain incubated after UV at 30'C was about 1.6 times the yield with the recA' umuC strain, suggesting that the misincorporation step is mediated by RecA protein, either directly or via inactivation of LexA protein or some other repressor. Consistent with this conclusion is the observation that mutants appear even earlier in a recA441 lexASi umuC strain. In this strain, RecA441 protein is fully induced at the time of UV exposure, whereas in the recA441 umuC strain at 30'C, there is an inevitable delay before the fully induced level of RecA441 is attained.
When plates were incubated at 430C after UV exposure, the overall picture for strains containing the recA+ and recA441 alleles was rather similar except that everything occurred more quickly (data not shown). Interestingly, the mutant yields were similar to those obtained at 30'C. This is surprising, since the ability of RecA441 protein to cause repressor cleavage is very much greater at 43TC than at 30'C. It suggests that the ability of the RecA protein to mediate misincorporation is not simply a reflection of its ability to cause repressor cleavage. The biggest difference in mutant yield was between recA430 and recA441 in the lexASi uvrA umuC background. Although levels of RecA protein are high because of the lexA51 allele, much less misincorporation occurred in the recA430 strain (Fig. 3) . The RecA430 protein is known to be defective in proteolytic activity (12) , and its relative ineffectiveness in promoting misincorporation confirms the critical importance of the structure of the RecA protein.
Since the demonstration of misincorporation in the lexA (Ind-) strain had shown that induction of genes controlled by the LexA repressor is not an absolute requirement for misincorporation, we sought to approach the question of whether RecA protein caused misincorporation via inactivation of some other repressor; we did this by having chloramphenicol present between UV exposure and exposure to visible light. Under these conditions, RecA protein assumes its activated form and could, in principle, cleave such a hypothetical repressor without, however, resulting in significant synthesis of the product of the derepressed gene. With CM1143 (uvrA recA441 lexASi umuC) grown at 30°C, exposed to UV, and then incubated for 1 hr at 43°C with chloramphenicol, there was a significant induction of mutations after photoreversal, indicating that no other gene product controlled by RecA needs to be synthesized to get misincorporation (Table 2) . A similar result was obtained with CM1142, a recA441 strain that lacks lexASI.
DISCUSSION
In these experiments, all the strains carried uvrA mutations so that excision of UV photoproducts was eliminated, and we assume that all UV-induced mutations arose as a consequence of photoproducts encountering a replication fork (13, 14) . Our experiments are consistent with the idea that umuD, like umuC, specifies a gene product that is concerned with continuation of replication beyond certain photoproducts. When the photoproduct is removed by delayed photoreversal, replication in umuD bacteria can continue and the occurrence of mutations among the survivors shows that wrong bases have already been incorporated even though (in the absence of photoreversal) they are in DNA that cannot be replicated further.
We therefore suggest that error-prone repair is at least a two-stage process. Aliquots (0.2 ml) of logarithmic-phase cells grown at 30°C, UV-irradiated or not, were spread on prewarmed plates with or without chloramphenicol (20 Ag/ml) and incubated at 430C for 1 hr. The bacteria were photoreversed by exposure to visible light for 40 min; bacteria from each set of plates then were harvested, centrifuged, resuspended in buffer, and used as sources of inocula for nutrient-broth cultures. One milliliter of suspension was inoculated into each of three tubes containing 9 ml of nutrient broth and incubated at 30'C overnight; 0.1 ml of nutrient broth from each tube then was spread on each of three unsupplemented glucose/minimal medium plates, and the plates were incubated at 30'C for three days.
Viable bacteria were spread on minimal agar plus tryptophan (0.75 gg/ml). (5) . The work of Defais (18) on undamaged single-stranded DNA phage 4X174 infecting bacteria in which LexA-controlled functions were derepressed after exposure to UV is consistent with this expectation: a mutator effect on reversion of an amber mutation was observed that was independent of umuC. In the double-stranded DNA phage X, Maenhaut-Michel and Caillet-Fauquet (19) have likewise shown that the SOS mutator effect, which is responsible for the production of mixed clones containing both wild-type and mutant phages and acts on both irradiated and unirradiated DNA, does not require the UmuC gene product.
It has been assumed in this model that the misincorporation event requiring RecA protein occurs opposite the photoproduct in the template strand. However, the misincorporation might conceivably occur at other sites (untargeted events) and the pyrimidine dimer might block the further replication of the strand, unless photoreversal occurs. If misincorporations and replication blocks were independent, however, then the mutation frequency should not be affected by the presence or absence of a replication block. That this is not so indicates that the two events are not independent and that misincorporations are associated with the replicationblocking photoproduct. Thus, although misincorporations could occur associated with but not opposite the photoproduct, it is simpler to assume that they are opposite.
One problem that must be mentioned here is the apparently contradictory observation that in bacteria where LexArepressible functions are constitutively expressed (recA441 at 43°C and lexA51) the spontaneous mutator effect is umuCdependent (20) . If the additional mutations were simply due to infidelity, we would not expect a requirement for UmuC. An explanation may perhaps be found in the suggestion of Caillet-Fauquet et al. (21) that untargeted mutation in SOSinduced E. coli may be largely removed by the mismatchcorrection system. One could then argue that the mutator effect in recA441 and lexA51 bacteria is actually targeted and reflects a mutagenic repair of spontaneously arising (cryptic) lesions that block DNA replication.
